We present a Ray Tracing model of tapered optical fibers (TF), recently proposed for both wide-volume and siteselective optical control of neural activity [1] . Light-delivery properties of TFs are computationally investigated by identifying the emitting region of the taper and the resulting output angles. This is done in two alternative light coupling modes: i) injecting light within the entire acceptance angle of the optical fiber, generating light output from almost the entire taper, and ii) selecting a specific input angle, therefore allowing light delivery from a specific portion of the TF. In both cases a good agreement with previously reported experimental data has been obtained, letting us envision that the proposed approach can be used to study the mode-division demultiplexing properties of TFs, representing an important tool to design optogenetics experiments in vivo with TFs.
INTRODUCTION
In last decade, optogenetics has been widely exploited by neuroscientists to investigate functional connectivity of neural circuitry [2] with millisecond temporal resolution and cell-type specificity [3, 4] In this field, light delivery in deep brain regions has represented a challenge due to the pronounced effect of tissue absorption and scattering on light propagation [5] and to the physical damage induced by the size of implanted devices [6] .To improve light distribution in subcortical structures, several technologies have been proposed [6] , including micro lightemitting diodes (μLEDs), flexible polymeric optical fibers [7, 8, 9] and tapered optical fibers [1, 10] .
In µLEDs probes, light sources with a size ranging from tens µm 2 to hundreds µm 2 [11] are directly placed on implantable sapphire [12] or silicon shanks [13] or can be integrated on flexible implants with other components as temperature sensors or drug delivery channels [14, 15] obtaining multifunctional devices. Due to their small dimension and low power consumption, µLEDs probes are convenient for freely-moving animal experiments, since no external light source is needed and support well wireless driving and powering [16, 17, 18] . Their main disadvantage, however, is represented by the heat induced by the LED driving current, which potentially adds up to light absorption in generating a temperature gradient beyond 2 °C [16, 17, 18] . Flexible polymeric optical fibers [7, 8, 9] , instead, exploit low stiffness to minimise tissue reaction over long-term implants. However, these fibers need to be coupled to an external light source (LEDs or LASERs), tethering animal movements.
We have recently proposed an alternative low-invasive method, consisting in the exploitation of tapered optical fibers (TFs). As displayed in Fig. 1 , they are composed by a fiber optic waveguide tapered over an extent of a few millimetres that acts as a mode-division demultiplexer [1, 10, 19, 20, 21, 22, 23] . If light is injected into the fiber filling the whole numerical aperture (NA), an entire segment of the taper emits light (Fig. 1b) . If, instead, only a sub-part of the NA is selected, light is mostly emitted by a sub-segment of the taper that depends on the light input angle (Fig. 1c) [1, 10, 19] . Exploiting these properties, TFs can be used to illuminate wide brain volumes or specific regions in free moving animals [1] , with reduced invasiveness.
In this work we present a Ray Tracing (RT) model to design and simulate the behaviour of tapered optical fibers for optogenetic applications. In the field of optical neural interfaces, RT has been widely employed for simulations of devices based on LEDs, optical fibers or GRIN lenses [24, 25, 26] . A RT model for TFs should simulate the different operational modalities based on mode-division demultiplexing and the related light injection method. In the following, we describe RT implementation for simulating wide-volume or site-selective light delivery by TFs with 0.66 NA and different taper angles (ψ), discussing the obtained results in terms of emission length, the geometrical configuration and position of the emitted rays along the taper, as well the related propagation angles.
IMPLEMENTATION OF RAY-TRACING OPTICAL MODELS

Design of the Taper
Ray Tracing was performed using commercial optical design software (http://zemax.com) in Non-Sequential configuration (NSC). TFs with 0.66 NA and with different taper angles ψ were investigated, as detailed in Table 1 . The layout includes a straight core/cladding region followed by a tapered portion composed by two nested cones with a common tip (radius 100 nm). For this type of fibers core/cladding identity remains preserved also in the taper [21] . The tapered part of the fiber was surrounded by a homogeneous medium with refractive index n = 1.336 to mimic brain tissue [19] . Tissue scattering was not simulated. The NA of TF was established by setting the core/cladding materials' refractive indexes as given by manufactures. Light was injected into the waveguide following two different schemes to simulate both the "Full NA" and "Angle-Selective" operative modes, as detailed below and schematically represented in Fig. 2 . 
Light Launch Setup
Full NA coupling was implemented by a circular Dynamic Link Library (DLL) source with radius r = 6 µm and NA = 0.66. A paraxial lens with a focal length of 10 mm was placed at 20 mm from the source and 20 mm from the fiber to obtain a 1:1 image on the fiber input facet (see Fig. 2a ). The 50 mm-long portion of straight fiber was implemented before the taper. Angle-selective light coupling setup is schematized in Fig. 2b . It consists of a circular DLL source with r = 6 µm and NA = 0.16, imaged with a magnification factor 1 by a paraxial lens (10 mm focal) on the fiber input facet. Both the source and the lens are tilted of an angle θ with respect to the fiber's optical axis to obtain site-selective light delivery along the taper as light is injected only in a sub-portion of the available NA. The straight fiber length was set to 200 mm to further improve the homogenization of travelling rays toward the taper.
Ray Tracing Parameters
For both light coupling modes, emission properties from the taper were recorded by a linear (Fig. 2: a2, b2) and a polar detector ( Fig. 2: a4, b4) to measure emission lengths and output angles, respectively. The linear detector covered the full taper length with a width of 20 µm; it was set at 60 µm from the taper surface and sampled with a 6000×41 pixels matrix. This detector recorded the incoherent irradiance. To obtain emission profiles of the TFs, the detector signal was averaged on the 41 pixels of the shorter edge to generate an intensity graph, as shown in Figure 2 : a3, b3 for full NA and angle-selective injection, respectively. The polar detector was instead placed at 45 mm from the taper tip and sampled with a 181×180 pixels matrix. The radial size was 30 mm for a maximum detectable angle of 45°. Its output for the two injection methods was averaged along the azimuthal angle to obtain the output radial angles in the polar plots, as shown in Fig. 2 : a5 and 2b5.
Each ray tracing session was run by launching 5×10 6 rays. The source power was set to 1 W at a wavelength of 473 nm. Energy loss due to geometrical errors and threshold parameters was minimized by setting up NSC parameters as it follows: Maximum Intersection Per Ray (MIR) as 4000, Maximum Segments Per Ray (MSR) as 2M, Maximum Nested/Touching Objects as 6 and Minimum Relative Ray Intensity as 1×10 -5 W/cm 2 . Figure 3 displays results for full NA light injection as a function of taper angles ψ. The overall shape of the profile remains similar at different ψ, with a slow increase of incoherent irradiance moving far from the taper tip, and with a steep decrease after the maximum. The overall emission length increases as the taper angle decreases, as quantified in Fig. 3b [27] . Figure 3b also shows that the emission length follows the empirical trend found experimentally in ref [21] , described by the relationship EL= α· FED/ 2· tan(ψ/2),
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(1) where FED is the first emission diameter (the highest diameter at which emission is observed), ψ is the taper angle and α is a scale factor defined as the ratio between the EL and the FED distance from the taper tip when ψ = 4°. Panel c shows that ψ has an influence also on the output angles, despite the numerical aperture of the fiber remains unchanged. In particular, small taper angles generate emissions at higher σ, while large taper angles tend to have emission lobes at low σ.
Angle-Selective Light Injection
Ray tracing simulations for the angle-selective light launch are shown in Fig. 4 . Increasing the input angle θ, the emission moves further from the tip (Fig. 4a) , with a full-width-at-half-maximum (FWHM) almost constant as a function of θ. The centroid position c of the emission profile, calculated as c = Σ x i · I i / Σ I i (where x i is the position along the taper and I i the related irradiance [28] , is reported in Fig. 4b , showing that c depends linearly on θ, in good agreement with the experimental findings in [21] . The orange dots in Fig. 4b represent instead the FWHM extent for the different input angles. The angular emission profile, displayed for a representative θ in Fig. 4c , presents a multi-lobe shape, whose angles σ decrease as θ increases (Fig. 4d) . 
CONCLUSIONS
We present a Ray Tracing approach for modelling the optical behavior of tapered optical fibers for optogenetics. It allows to simulate and design TFs for both wide-volume or site selective light delivery, obtaining information on the position and direction of light emitted from the taper. In both cases we found good agreement with experimental results published in other works [1, 19, 21] . For the full-NA light launch, we confirmed that emission length of the taper can be estimated by starting on the base of the highest emission diameter along the taper with equation (1) . In the case of angle-selective light injection, we found a linear relationship between the output position along the taper and the input angle of light. The here presented results can therefore represent an important complementary tool to design optogenetic experiments with tapered fibers.
